ABSTRACT
INTRODUCTION
In the last decade, it has been shown that effective early identification of women at high risk of developing pre-eclampsia is possible [1] [2] [3] [4] [5] [6] [7] [8] . This is an important finding, as evidence suggests that administration of low-dose aspirin before 16 weeks' gestation in high-risk women is associated with a significant reduction in the risks of pre-eclampsia, fetal growth restriction and perinatal death [9] [10] [11] [12] . The screening method is based on Bayes' theorem, and combines prior risks from maternal factors with mean arterial pressure, uterine artery pulsatility index (UtA-PI) and placental growth factor. It has a detection rate of 100% (95% CI, 80-100%) for pre-eclampsia before 32 weeks, 75% (95% CI, 62-85%) for pre-eclampsia before 37 weeks and 47% (95% CI, 44-51%) for pre-eclampsia at or after 37 weeks, at a 10% false-positive rate 6 . To ensure good quality of screening performance, standardization of each screening component is required. Specifically, measurement of UtA-PI is under scrutiny because of its methodological challenges and moderate reproducibility 13 . A standardized protocol for the measurement of UtA-PI at 11-13 weeks' gestation using the sagittal approach is available 14 , and The Fetal Medicine Foundation (FMF) provides an accreditation process for sonographers to indicate competency (www.fetalmedicine .org). Recent evidence suggests that measurement of UtA-PI is sampling-site dependent and has significant intersonographer differences despite the availability of a prescriptive measurement protocol 15 . We recently observed that an alternative to the sagittal approach, the transverse technique, appeared to improve our ability to measure UtA-PI at the correct level (i.e. the internal os) 16 .
The objectives of this two-part study were: (1) to define the protocol for first-trimester assessment of UtA-PI using this new transverse approach; (2) to assess and compare the transverse technique with the conventional sagittal technique with respect to ease and speed of performing the measurement, along with UtA-PI agreement between the two methods; (3) to conduct an external validation of the two approaches by experienced sonographers; and (4) to determine whether providing accelerated onsite training (both methods) to inexperienced sonographers can achieve reproducible UtA-PI measurements comparable with those obtained by an experienced sonographer.
METHODS

Study subjects
This was a two-part prospective observational study of women attending for routine first-trimester combined screening at 11 + 0 to 13 + 6 weeks' gestation, between November 2016 and February 2017 in Calgary, Alberta, Canada (Part 1) and between January and March 2017 in Hong Kong (Part 2). All participating women and sonographers provided informed consent, and ethical approval was obtained (University of Calgary REB15-0631_MOD2; Joint Chinese University of Hong Kong CRE-2016.301).
Measurement of UtA-PI: UK-FMF sagittal technique
17
A 5-3.5-MHz curvilinear transabdominal transducer was used to obtain a midsagittal view of the uterus and cervical canal, and color-flow Doppler was applied. The transducer was moved laterally until the paracervical vessels were visualized. The UtAs were seen as aliasing vessels along the side of the cervix (Figure 1 ). Peak systolic velocity (PSV) of the UtAs should exceed 60 cm/s to ensure accurate and reproducible measurements. The sampling gate should be 2 mm and the angle of insonation < 30
• .
UtA-PI was measured at the level of the internal os on each side once three consecutive similar waveforms had been obtained. Mean PI from the left and right UtAs was used for assessment of the risk of pre-eclampsia.
Measurement of UtA-PI: transverse technique
A low-frequency transabdominal probe (3.5-MHz curvilinear transducer) was used to obtain a sagittal view of the uterus and cervix. Once the internal os had been located, the image was zoomed in to enlarge the view of the cervix. After ensuring that the internal os was in the center of the picture, the probe was turned 90
• to obtain a transverse view of the cervix at the level of the internal os. Once in the transverse view, the probe was moved gently up and down using the shadow of the cervix as a guide to confirm the location of the internal os. Color Doppler was then added. The UtAs should appear on both sides of the internal os (Figure 2a ). The probe was moved slightly to the right and left to sample the respective UtAs on each side of the internal os while still in the transverse plane. Once the vessel had been located, the UK-FMF sampling criteria for UtA-PI measurement were used (minimum PSV, 60 cm/s; sampling gate, 2 mm; and angle of insonation < 30 • ) 
Part 1 study protocol
Following a formal training session in the transverse technique and additional onsite training, four sonographers (J.H., J.S., E.W., L.S.) who had previously completed the UK-FMF UtA-PI certificate of competency in pre-eclampsia screening were asked to perform bilateral UtA Doppler measurements using both the sagittal and transverse techniques with the same ultrasound equipment (Toshiba Aplio™, Toshiba Medical System Corp., Tokyo, Japan) and probes (5-3.5-MHz) in 10 consecutive participants (40 participants, 80 measurements). The method performed first was determined by random allocation, and all measurements were performed transabdominally. The sonographers were not blinded to the result obtained by the technique used first when performing the second technique. The sonographers recorded three measurements per technique per side; the first appropriate measurement was selected for analysis (in accordance with clinical practice in which each UtA is sampled only once). The start and stop time of each set of images was recorded. While all the sonographers had more than 5 years' experience in obstetric imaging, they were relatively inexperienced in the measurement of UtA-PI in the first trimester (they had carried out fewer than 200 measurements). UtA-PI and the time required to obtain the first image on each side were calculated for both techniques.
For each participant, the sonographer was asked to report the subjective difficulty of the measurement on a 1-to-10 Likert scale (1 being easiest and 10 being most difficult). Bland-Altman difference plots with limits of agreement (LoA) were used to inspect visually the agreement between measurements obtained using the sagittal technique and those obtained using the transverse technique. The intraclass correlation coefficient (ICC) was used to evaluate the reliability of the measurements.
Central tendency and dispersion target plots were produced to assess whether overall measurement distributions were consistent with the expected measurement distribution in pregnancies without pre-eclampsia, after first correcting for gestational age by converting UtA-PI measurements to multiples of the expected median (MoMs). The median of the UtA-PI MoM distribution and the SD of the log 10 UtA-PI MoM distributions were determined and plotted on the target plot to determine whether they were within 5% or 10% of the expected median of 1 and log 10 SD of 0.12, the measurement distribution in unaffected pregnancies used to determine individual patient risk for pre-eclampsia within the risk software algorithms. This form of measurement quality assessment has been used previously to assess sonographer nuchal translucency and UtA-PI measurement 15, 18 . Targets plots were interpreted as being 'ideal' if the observed measurement distribution had bias and dispersion within the inner 5% boundary limits, 'within limits' if they were between the 5% and 10% boundary limits and 'significantly deviated' if they were outside the 10% limits, impacting on screening performance by either increasing or decreasing sensitivity and false-positive rate. One sample t-test was performed to test formally whether the difference between the observed and expected measurement distributions was statistically significant.
Part 2 study protocol
An experienced sonographer and a group of inexperienced sonographers performed UtA-PI measurements. The experienced sonographer was a maternal fetal medicine specialist, trained at the UK-FMF and with 11 years' experience (L.P.). The inexperienced sonographers (Sonographers 'A' (A.T.), 'B' (J.L.) and 'C' (W.L.)) were obstetric ultrasound fellows with 6-9 years of experience in obstetric ultrasound but no prior experience in first-trimester UtA-PI measurements, who underwent accelerated onsite training. One inexperienced sonographer required training with 30 women and two required training with 15 women.
Both experienced and inexperienced sonographers measured UtA-PI at the level of the internal cervical os using both the sagittal and transverse-section approaches with one ultrasound system (Philips, Amstelstein, The Netherlands) to minimize any potential interscanner differences. The sequence of using the sagittal or the transverse approach and the measurement of UtA-PI in the left or right UtA was chosen on a random basis during the study. The order of inexperienced sonographers measuring UtA-PI was also on a random basis, and the three inexperienced sonographers were blinded to each others' measurements. The time required for the measurement was recorded during the scan for each technique, starting from when the probe was placed on the abdomen, until three consecutive similar waveforms from both sides had been obtained.
The SE of the 95% LoA in a Bland-Altman plot is approximately equal to √ 3s 2 /n, where s is the SD of the differences between measurements and n is sample size 19 difference is ± 0.6 multiples of the SD of the measurement difference. Normality of the data was assessed using the Kolmogorov-Smirnov method. Descriptive data are presented as median (interquartile range) or n (%). The Wilcoxon signed-rank test was used to compare UtA-PI measurements obtained using the sagittal and those using the transverse-section approaches. Passing-Bablok non-parametric regression analysis was performed to compare the relationship and agreement between the two measurement approaches. Measurement agreement between the two approaches was further assessed using the ICC, which was considered poor (0-0.2), fair (0.21-0.4), good (0.41-0.60), strong (0.61-0.8) or almost perfect (0.81-1.0) 20 . Interobserver variation was determined by calculating the SD of the differences between the pairs of measurements made by the three inexperienced sonographers in the same participant 3 . Bland-Altman difference plots were produced to determine bias and 95% LoA between sonographers; P < 0.05 was considered to indicate statistical significance. Analysis was performed using the Statistical Package for the Social Sciences (SPSS) version 20 for Windows (IBM Corp., Armonk, NY, USA) and MedCalc Statistical Software version 17.4.4 (MedCalc Software, Mariakerke, Belgium).
RESULTS
In Part 1, UtA-PI measurements were performed in 40 nulliparous participants at a mean gestational age of 12.5 weeks. Median maternal age and BMI were 32 years (range, 23-44 years) and 23.4 kg/m 2 (range, 16.4-34.4 kg/m 2 ), respectively. Figure 3 shows Bland-Altman plots for the comparison of UtA-PI measurements obtained using the two techniques. Measurements taken using the sagittal technique were on average lower than those taken using the transverse technique. Overall bias between paired UtA-PI measurements obtained using the sagittal and transverse techniques in the left and right UtAs as well as the mean of both Data are given as n, median (interquartile range) or n (%). Figure 4 shows the overall central tendency and dispersion target graph of the UtA-PI measurements taken using the sagittal and transverse techniques. The overall UtA-PI measurement dispersions using each technique were comparable (0.14 for transverse vs 0.13 for sagittal), 'within limits' and had 'similar to expected' measurement variance to that in unaffected pregnancies. After correcting for gestational age, UtA-PI MoMs obtained using either technique were lower than the expected values, with the sagittal approach being 'significantly deviated' (13% lower than expected; P < 0.01), while the transverse technique was 'ideal' (5% lower than expected; P = 0.71).
The subjective difficulty scores were overall lower for the transverse technique than for the sagittal technique (2 vs 3; P = 0.04). There was no difference in the time needed to acquire the first appropriate image on each side:
118.1 ± 74.9 s for the sagittal technique vs 105.7 ± 40.1 s for the transverse technique (P = 0.38).
In Part 2, two groups of women were recruited; one group was evaluated by the experienced sonographer (n = 42) and the other by the inexperienced sonographers (n = 35). The demographic characteristics of the participants were not significantly different between the two study groups (Table 1) .
Experienced sonographer: UtA measurement profile
UtA-PI measurement using the sagittal approach was performed in all women, while the transverse-section approach was not possible in one participant. There was no significant difference in median left, right or mean UtA-PI or in mean UtA-PSV obtained using the sagittal compared with transverse-section approach ( Table 2) . Passing-Bablok regression analysis showed that left, right and mean sagittal and transverse measurements did not deviate significantly from linearity, as the 95% CI of all slopes included 1 and those of the intercepts included 0 (Figure 5a ). Bias, 95% LoA and mean reduction in left, right and mean UtA-PI measurements derived using the sagittal and transverse approaches are shown in Figure 6a and Table 3 . The ICC between the two techniques indicated a high level of agreement for the left, right and mean UtA-PIs (Table 4) .
Inexperienced sonographers: UtA measurement profile
UtA-PI measurement was performed successfully in all 35 participants using both techniques. There were no significant differences between median left, right and mean UtA-PI or in mean UtA-PSV obtained using the sagittal and those obtained using the transverse-section approach by all three sonographers (Table 2) .
Bias, 95% LoA and mean reduction in the left, right and mean UtA-PI measurements derived from the sagittal and those derived from the transverse approach are shown for each sonographer in Figure 6b-d and  Table 3 . The ICC for each technique between the three sonographers, i.e. interobserver reliability, was almost perfect (0.854 (95% CI, 0.744-0.921) for sagittal and 0.860 (95% CI, 0.756-0.925) for transverse). Importantly, the ICC between the two techniques was consistently found to indicate near-perfect agreement when measurements from the three sonographers were combined (0.895 (95% CI, 0.845-0.929)). This ICC was similar to that of the experienced sonographer, as the two 95% CIs overlapped. In addition, when considering individual sonographers, the ICC between these two techniques was near perfect (Sonographer A: 0.860 (95% CI, 0.723-0.929); Sonographer B: 0.853 (95% CI, 0.709-0.926); Sonographer C: 0.805 (95% CI, 0.612-0.902)) ( Table 4) . Passing-Bablok analysis of individual sonographers showed that mean UtA-PI determined using the sagittal and those determined using the transverse technique by the three sonographers did not deviate from linearity, as the 95% CI limits for slope and intercept included 1 and 0, respectively (Figure 5b-d 
DISCUSSION
This is the first study to describe a transverse approach to UtA Doppler measurement. It shows that UtA-PI measurements obtained using either the conventional sagittal or the new transverse approach are equivalent in terms of reliability, reproducibility and time required.
If there is difficulty in acquiring UtA Doppler indices using the sagittal approach, one can be reassured that UtA-PI acquired using the transverse approach is no different. Both techniques can be complementary to each other. Accelerated onsite training for inexperienced sonographers can achieve reliable UtA-PI measurement.
In addition to concordance with the sagittal technique, this study showed that the transverse approach was associated with better UtA-PI distribution than the expected distribution in Part 1 of the study. A possible explanation is that the transverse approach facilitates consistent measurement of UtA-PI at the level of the internal os. Doppler measurements have been shown by Ridding et al. 15 to be site-dependent, with average reductions of 15% and 17% in UtA-PI and PSV values, respectively, when measured 3 cm distal to the level of the internal os. The authors suggest that the slight parasagittal transducer angling required to identify the artery potentially removes the internal os as a landmark on the image, which could affect the accuracy of the measurements. Using the transverse approach, the UtA and internal os remain in the image as the probe is angled slightly to obtain the Doppler measurement, which could explain the more accurate results obtained using the transverse approach in Part 1 of the current study. While further validation is required, it is possible that the transverse measurement technique may improve the reproducibility of first-trimester UtA measurements by less experienced operators. This is important, given the findings of the study of Marchi et al. 13 , which showed that operator experience was the most important variable influencing interobserver reproducibility of measurements obtained using the transabdominal sagittal approach.
In conclusion, this study is the first step in assessing the potential of a complementary approach -the transverse technique -for the measurement of first-trimester UtA-PI, and also in evaluating onsite accelerated training. We believe that this is a necessary step forward for the accurate prediction of pre-eclampsia. Future studies are needed to validate the transverse technique in a large independent population before implementation of the technique in pre-eclampsia screening.
